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SUMMARY:
ZnO, TiO2 and CeO2 are known as UV-shielding ceramic materials that have advantages over organic UV absorbers
for their photo-stability and non-hazardous nature to human bodies.  However, they normally cause low
transparency in the visible-light range due to light scattering by large particles, which is undesirable for many
transparent UV-blocking applications in cosmetic and plastic industries.  Light-scattering efficiency of particles can
be drastically reduced by decreasing the particle sizes down below 100 nm.  This paper reviews recent investigation
on the synthesis of ZnO and CeO2 nanoparticles by mechanochemical processing.  The resulting particles had a
significantly low degree of agglomeration, having mean particles sizes of ~ 25 nm and ~ 10 nm, respectively.  The
aqueous suspensions of the nanoparticles showed strong absorption in UV-light range and high transmittance in the
visible-light range.  Mechanochemical processing offers possibility of industrial-scale production of transparent UV-
shielding ceramic particles for many applications.
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INTRODUCTION
In recent years, the demand for effective UV-
shielding materials has significantly increased in
cosmetics, plastics and paints industries.  The
ceramic ultraviolet-shielding agents such as ZnO,
TiO2 and CeO2 have advantages over organic
agents for their photo-stability and non-hazardous
nature to human bodies. However, since the
ceramic agents are normally in particulate forms, it
is difficult to obtain high UV-shielding properties
while maintaining high transparency in the visible
light range. This problem can be overcome by
reducing the particle size down below 100 nm,
since the light scattering efficiency decreases
proportional to the 6th powder of particle diameter
[1,2].
Several methods such as gas-phase processing,
aerosol techniques and wet chemical processing
have been used for commercial production of
ceramic nanoparticles. However, these methods
lack a solid barrier between particles during
synthesis, leading to the formation of large
aggregates that significantly reduce transparency in
the visible light region.
Mechanochemical processing is a novel method
that enables the production of agglomeration-free
nanoparticles. The process involves the mechanical
activation of solid-state displacement reactions at
low temperatures in a ball mill [3]. Milling of
precursor powders leads to the formation of a
nanoscale composite structure of the starting
materials which react during milling or subsequent
heat treatment to form separated nanocrystals of the
desired phase within a solid matrix. Such
mechanochemically formed nanocomposite
particles can be further processed into dispersed
nano powders, simply by selective removal of the
matrix phase [4].  Of significance is the fact that
this technique allows the formation of separated
nanoparticles embedded in a solid matrix, leading
to agglomeration-free ultrafine particles.
ZnO and CeO2 have bandgap energies
corresponding to ~365 and ~380 nm, and thus
absorb UV light having wavelength shorter than the
bandgap energies.  As such, they are known as
excellent UV-blocking agents.  In this paper, the
synthesis of agglomeration-free ZnO and CeO2
nanoparticles by mechanochemical processing is
reported.
METHODS AND PROCEDURES
The mixtures of starting materials ZnCl2 (Cerac,
99.5+%, -8 mesh), CeCl3 (Cerac, 99.9%, -20 mesh),
Na2CO3 (Aldrich, 99%, -20 mesh), NaOH (Aldrich,
99.99% in pellet forms) and NaCl (Sigma, 99.8%,
beads) were sealed in a hardened steel vial (AISI
440C stainless steel) with hardened steel balls of
6.4 mm in diameter, under a high purity argon-gas
atmosphere.  Milling was performed with a Spex
8000 mixer/mill using a ball-to-powder mass ratio
of 10 : 1.  Heat treatment of the as-milled powder
was carried out in air in a porcelain crucible for 1
hour.  Removal of the salt phase was carried out by
washing the powder with de-ionised water, using an
ultrasonic bath and a centrifuge.
The crystallite size and crystal structure of the
powder were examined via X-ray diffractometry
(XRD) using a Siemens D5000 X-ray diffraction
ion spectrophotometer with Cu-Ka radiation.  The
mean crystallite size was estimated from the width
of diffraction peaks using the Scherrer equation [5].
The microstructure of the powder was examined via
transmission electron microscopy (TEM) using a
JEOL 2000FXII (a beam energy of 80 keV). For
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TEM studies, the washed powder was dispersed in
methanol using an ultrasonic bath and a drop of the
suspension was placed on a copper grid coated with
holey carbon film.  The specific surface area was
measured via Brunauer-Emmett-Teller nitrogen-gas
absorption method (BET) at 77 K, using a
Micromeritics Gemini 2360 Surface Area Analyser.
Simultaneous differential thermal analysis (DTA)
and thermogravimetric analysis (TGA) were carried
out using a Rigaku Thermoflex thermal analysis
system under a constant air flow of 2 cc/min with a
heating rate of 20°C/min.  Inductively Coupled
Plasma Atomic Emission Spectroscopy (ICP-AES)
was carried out for the trace analysis of Na, Cl and
Fe which are possible contaminant elements due to
the use of NaCl diluent and steel balls/vial.  UV-
Vis specular transmittance was measured using a
Varian Cary 300 Bio UV-Vis spectrophotometer
along with a quartz cuvette having an optical path
length of 10 mm.
RESULTS AND DISCUSSION
Synthesis of ZnO nanoparticles
A stoichiometric mixture of the starting powders,
corresponding to the reaction equation of ZnCl2 +
Na2CO3 + 8.6NaCl Æ  ZnCO3 + 10.6NaCl was
milled [6].  NaCl was added to the reactants so that
the volume ratio of the ZnCO3:NaCl in the product
phase was 1:10.  The reaction during milling was
studied by XRD.  As the milling time increased to 4
hours, the diffraction peaks associated with ZnCl2
and Na2CO3 decreased.  With longer milling times,
only peaks associated with NaCl were present,
indicating that amorphization of the other phases
occurred during milling (Fig. 1(a)) [7,8].
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Fig. 1: XRD spectra of the ZnCl2 + Na2CO3 +
8.6NaCl powder mixture.
TG/DTA analysis of the as-milled powder showed
that weight loss of 6% occurred in the temperature
range of 170 – 380oC, corresponding to the reaction
ZnCO3 Æ ZnO + CO2(gas).  The as-milled powder
was heat-treated at 400oC, and subsequently
washed.  XRD study revealed the formation of ZnO
in NaCl (Fig. 1(b)) during heat treatment.  As
shown in Fig. 1(c), XRD pattern of the washed
sample only consisted of peaks corresponding to
ZnO.
TEM study showed that the ZnO powder consisted
of well-separated 10 – 40 nm size particles having
equiaxed morphology (Fig. 2).  Dark field imaging
showed that each particle was a single crystal.
Particle size distribution obtained from TEM study
had the mean particle size of 26.2 nm and standard
deviation of 8.6 nm.  This narrow size distribution
is a typical feature of mechanochemically
synthesised nanoparticles [9].
Fig. 2: TEM image of ZnO nanoparticles
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Fig. 3: BET mean particle size of ZnO as a function
of heat treatment temperature.
BET surface area of the ZnO powder was 47.3
m2/g, which corresponds to a spherical particle size
of 27 nm.  The mean crystallite size estimated from
the XRD peak width at 2q = 36o was 28.7 nm. The
particle sizes estimated by XRD, BET and TEM
studies were in good agreement with each other,
indicative of insignificantly agglomeration in the
powder [10].
Milling without NaCl diluent phase for 4 hours and
subsequent heat treatment at 400°C resulted in ZnO
particles of 100- 1000 nm in size having a high
degree of agglomeration.  Therefore, in order to
form separate nanoparticles, it is necessary for the
volume fraction of the nanoparticles phase to be
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sufficiently low to prevent the grain growth during
milling and heat treatment.
ICP-AES measurements detected the presence of
iron (0.041 wt%), sodium (0.06 wt%), and chlorine
(0.076 wt%) in the ZnO nanopowder.
Fig. 3 shows the BET size as a function of heat
treatment temperature.  As shown in the figure, It
was possible to control the mean particle size in the
range of 25 – 90 nm by changing the heat treatment
temperature.  Heat treatment above the melting
point of NaCl (801oC) caused extensive
agglomeration and growth of primary particles.
For UVVis measurements, the resulting particles
were placed in deionised water, and was dispersed
using an ultrasonic probe for 15 min.  Dispex-A40
of 10 wt% relative to ZnO was added as a
dispersant prior to the sonication.  Fig. 4 shows the
UVVis specular transmittance of 0.01 wt% aqueous
suspensions.  The particles having BET mean sizes
of 26, 50 and 90 nm were used for the
measurements.  For comparison, commercial
pigment-grade ZnO (BET size 250 nm) was also
measured.
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Fig. 4: UV-Vis spectra of ZnO nanoparticle
aqueous suspensions (0.01 wt%).  BET mean
particle sizes are indicated in the figure.
The “whitening” effect of the particulate
suspension stems from the light scattering by
particles.  Mie theory predicts that light scattering
efficiency decreases proportional to the 6th powder
of particle diameter for the particles smaller than
1/10 of light wavelength [1,2].  Due to this reason,
transparency of the suspension in the visible-light
range (wavelength 400 – 750 nm) drastically
increased as particle size decreased from 250 nm to
26 nm, as shown in Fig. 4.  On the other hand, UV-
blocking characteristic showed only slight
dependence on particle size, mainly because
bandgap absorption of UV-light (wavelength < 400
nm) is independent of particle size.
Since the transmittance in the visible-light range is
sensitive to particle size, it is also sensitive to
agglomeration states [11].  Therefore, the high
transparency in the visible light range in Fig. 8 is
another indication of agglomeration-free feature of
the nanoparticles.
Synthesis of CeO2 nanoparticles
For the synthesis of CeO2, a stoichiometric mixture
of the starting powders, corresponding to the
reaction equation of CeCl3 + 3NaOH + 12NaCl Æ
Ce(OH)3 + 15NaCl was milled for 4 hours [10].
XRD study revealed that the as-milled powder
consisted of Ce(OH)3 and NaCl (Fig. 5(a)).
TG/DTA analysis of the as-milled powder showed
a gradual weight loss of 6% in the temperature
range of 25 – 400oC, corresponding to the thermal
decomposition of reaction Ce(OH)3 into CeO2.  The
as-milled powder was calcined at 500oC and
subsequently washed to remove NaCl.  XRD study
revealed occurrence of the formation of CeO2 in
NaCl during calcinations (Fig. 1(b)), and that the
washed sample consisted of only the CeO2 phase.
The mean crystallite size estimated from diffraction
peak widths was 10.2 nm.
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Fig. 5: XRD spectra of the CeCl3 + 3NaOH +
12NaCl l powder mixture.
TEM analysis showed that the CeO2 particles have
sizes of 5 - 40 nm (Fig. 6).  The BET surface area
of the powder was 83 m2/g, which corresponds to a
spherical particle size of 10 nm.
Fig. 6: TEM image of CeO2 nanoparticles
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ICP-AES measurements detected the presence of
iron (0.023 wt%), sodium (0.244 wt%), and
chlorine (0.045 wt%) in the CeO2 nanopowder.
Fig. 7 shows BET particle size and XRD crystallite
size as a function of heat treatment temperature.
Below the melting point of NaCl, BET particle
sizes were nearly the same as XRD crystallite sizes,
indicative of agglomeration-free nanoparticles.
When the powder was heat treated above 801oC,
BET particle size became larger than XRD
crystallite size.  This result is due to the fact that the
NaCl matrix phase became liquid above 801oC and
thus nanoparticles were no longer separated from
each other, causing agglomeration.
1 0
100
1000
400 500 600 700 800 900 1000 1100
BET
XRD
Si
ze
 (n
m
)
Temperature (oC )
Fig.7: BET  particle size and XRD crystallite size of
CeO2 as a function of heat treatment temperature.
Fig. 8 shows the UV-Vis specular transmittance
curve of ~ 10 nm CeO2 aqueous suspension
(0.005wt%) containing Dispex-A40 of 10wt%
relative to CeO2.  The spectrum of 30 nm ZnO
aqueous suspension (0.01wt%) was also shown in
Fig. 8 for comparison.  It is evident that both ZnO
and CeO2 have an excellent UV light absorbing
properties, and that ZnO has broader UV-band
absorption characteristics than CeO2.
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Fig. 8. UV-Vis spectra of ZnO and CeO2
nanoparticle aqueous suspension
Since the refractive index of CeO2 is higher (2.3)
than that of ZnO (2.0), the light-scattering
efficiency of CeO2 is higher than that of ZnO, when
the particle sizes are the same [12].  Therefore,
0.005wt% CeO2 aqueous suspension showed
similar transmittance% as 0.01wt% ZnO aqueous
suspension even though the concentrations and
mean particle sizes were different.
CONCLUSIONS
The synthesis of ZnO and CeO2 nanoparticles by
mechanochemical processing was demonstrated.
The resulting nanoparticles had mean particle sizes
of less than 30 nm, and narrow particle size
distributions.  BET particle size, TEM particle size
and XRD crystallite size were in good agreement
with each other, indicative of a substantially low
degree of particle agglomeration.
Mechanochemical processing enables building up
nanoparticles through a solid-state chemical
reaction in a nanoscopically homogeneous
environment, leading to the formation of
structurally and morphologically uniform
nanoparticles having a narrow size distribution
[13].  On the other hand, a simple grinding process
is a “top down” approach for reducing particle size,
well known to yield a wide particle-size
distribution.  Wet chemical precipitation and gas-
condensation techniques tend to form large
agglomeration due to the lack of solid matrices
between particles, resulting in a bimodal particle-
size distribution.  Therefore, mechanochemical
processing has a significant advantage over those
conventional technologies for the production of
nanopowders having a narrow particle-size
distribution.
The aqueous suspensions of the nanoparticles
showed specular transmittance of less than 10% in
the UV-light range and higher than 80% in the
visible-light range, which is ideal for many
transparent UV-shielding applications.  The high
transparency was only achieved due to the small
particle sizes less than 30 nm.
Mechanochemical processing offers possibility of
industrial-scale production of transparent UV-
shielding ceramic particles for many applications.
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